We investigate the electronic and band structure for the (8 0) single-wall carbon nanotube (SWCNT) with a europium (Eu) and a uranium (U) atom outside by using the first-principles method with the density functional theory (DFT). The calculated band structure (BS), total density of state (TDOS), and projected density of state (PDOS) can elucidate the differences between the pure (8 0) SWCNT and the nuclei outside the SWCNT. The indirect band gaps are obtained when Eu and U atom are put outside the (8 0) CNT; they are 0.037 eV and 0.036 eV, respectively, which is much smaller than 0.851 eV for pure CNT. 
Introduction
Since its discovery by Iijima in 1991 [1] , carbon nanotubes have become the subject of much work both theoretical and experimental [2] [3] [4] . Due to their unique structural and electronic properties [5, 6] , carbon nanotubes offer many applications, such as nano-electronic devices, energy storage, chemical probes and biosensors, field-emission displays, and so on [7] [8] [9] [10] [11] . SWCNTs are considered to be * E-mail: hongzhang@scu.edu.cn promising materials and building blocks for applications of future electronic devices [12, 13] . The study of the interaction between metal and carbon nanotubes, including metal-doped, metal-cluster, and transition metal (TM), has therefore drawn much attention in the last decade. For example, the adsorption of Pt atoms on SWCNTs depends heavily on the curvature and the chirality of SWNTs, and the diffusion barriers of the Pt atom are rather small and depend on the radii and the chirality of the supporting SWNTs [14] . Upon Pd doping, Pd4-cluster-functionalized (5 5) and (8 0) CNT model systems show that the conductance of the semiconducting CNTs increases due to the narrowing band gap [15] . Study of isolated and bun-dled SWCNTs with transition-metal (TM) atom doping shows the richness of the electronic and magnetic properties [16] . In the past twenty years, extensive studies have researched the treatment of radioactive waste. Yves Andres investigated the adsorption of several actinide (Th, U) and lanthanide (La, Eu, Yb) ions by a biological method [17] . C.L. Chen et al. studied the interaction between Eu(III) and a multiwall carbon nanotube (MWCNT) from the chemical aspect [18] . Some experimental investigations found CNTs could conduct promising adsorbents for radionuclides and be easily modified by chemical treatment to increase their adsorption capacity [19] [20] [21] . However, there is little attention paid to the physical behavior between radioelement and SWCNT. In this paper, we study the interaction between the (8 0) SWCNT nuclei such as Europium and Uranium. We compare their electronic characteristics by computing the band structure (BS), total density of state (TDOS), and projected density of state (PDOS) and find that the nuclei change the semiconductor character of pure nanotube to semi-metal.
Computational details
All calculations were performed based on first-principles, plane-wave, pseudopotential, density-function theory. The generalized gradient approximation (GGA) [22] [23] [24] with the Perdew, Burke, and Ernzerhof (PBE) function [25] is adopted as the exchange-correlation interaction. In contrast to the local-density approximation (LDA), the GGA function tends to improve total energies, atomization energies, and energy barriers. In general, it yields chemical bonds slightly longer and weaker than LDA, an effect that corrects and sometimes overcorrects LDA predictions [26] . So it is starting to replace the LDA in applications, in particular as the additional cost of GGA computation is rather small [25] . In our calculations, the ultra-soft pseudopotential is expanded by a plane-wave basis set with an energy cutoff of 300.0 eV, and the Brillouin zone integration is processed within the Monkhorst-Pack scheme using 2 × 2 × 3 k-points [27] . The internal coordinates for all the atoms in the unit cell are fully relaxed without any constraint, and the spin-unrestricted calculations are performed. Atomic positions are determined with the energy convergence of 2 0 × 10 −5 eV/atom and the maximum force and maximum stress set to 0.05 eV and 0.1 Gpa, respectively. At the same time, the Fermi level is smeared by the Gaussian method [28] . Based on the optimized structures, their electronic band structure (BS), the total density of states (TDOS), and the atomic-orbit projected density of states (PDOS) are evaluated.
Results and discussions

The equilibrium structure
We optimize the structure of (8 0) SWCNT and calculate its band structure and electron density of state. The optimized parameters for (8 0) SWCNT are = 10 1623 Å and = 9 50112 Å, and the lattice constant is = 4 20038 Å. We then perform the geometry optimization for the Eu atom and U atom outside the wall of the CNT. The primitive and equilibrium structures for a nucleus outside the CNT are shown in Fig. 1 . The distance from the nucleus to the center of SWCNT is 4.03 Å before optimization. As can be seen from the picture, the (8 0) SWCNT is deformed, and the nucleus is repelled far from CNT. The results show that the Eu and U atom outside the (8 0) SWCNT belong to the physioabsorption. There is no CEu or C-U bond when the optimization is finished. Based on the optimization geometry, we calculate the band structure and electron density of state, which are presented in Fig. 2 and Fig. 3 , respectively. The band-energy gap values for our calculations are shown in Table 1 . From Table 1 , the pure (8 0) SWCNT is found to be semiconducting with a gap of 0.554 eV, which is in good agreement with 0.56 eV reported in the literature [29] , which was performed by an ab initio calculation with the VASP [30] , using the density functional theory (DFT). This indicates that the model and the calculation method used in this paper are accurate enough for describing the SWCNT. It is clear that the (8 0) CNT is a semiconductor. For both the Eu and U atom outside SWCNT, the top of the valence bands (VB) cross the fermi level. Meanwhile, the band-energy gap is much smaller than that of pure CNT. So we know that because of the interaction of the nucleus, the SWCNT exhibits semi-metal character [31] , which is similar to transition-metal doping in isolated SWCNTs [16] . In order to understand the different contributions of each orbital better, we illustrate the total density of states (TDOS) and projected density of states (PDOS). For a pure (8 0) carbon nanotube (see Fig. 3 ), the VBs between −20 0 eV and −17 2 eV come mainly from the s orbital, the VBs from −9 8 eV to 0.0 eV and the CBs from We also calculated the (8 0) carbon nanotube with two U atoms outside. The band structure and density of state are plotted in Fig. 2d and Fig. 6 . From the BS and DOS, we know that the SWCNT becomes a conductor, because the band gaps are below the fermi level, due to the impact of two U atoms. Contrasted to a single atom outside, the CBs are fully determined by U5f states. The s orbital and p orbital of a nucleus mostly contribute to the VBs that locates between −20 eV and −6 eV. 
Conclusions
This paper explores the interaction between the nucleus and (8 0) SWCNT by putting Eu and U atoms outside the CNT. We try to explore the drastic changes of electronic properties between pure (8 0) SWCNT and (8 0) SWCNT with a single nuclear atom outside. In order to compare this effect on the electronic properties with one using multiple doping atoms, two U atoms outside the CNT is also calculated. The band structure of Eu/(8 0) SWCNT and U/(8 0) SWCNT systems have an indirect gap of 0.037 eV and 0.036 eV, respectively, while the indirect gap of pure SWCNT is 0.815 eV. For the Eu atom case, the bottom of (8 0) CNT system, the PDOS for Eu and U atoms put outside the nanotube change greatly. The bottom of the conduction band moves down, the top of valence band moves up, and the top of the valence band exceeds the fermi level. By analyzing the PDOS of the C, Eu, and U atoms, we know that the valence band is mainly formed by C 2s states and C 2p states. The conduction band is mainly determined by C 2p states. The p orbital of the nucleus mostly contributes to the VB located around −20 eV. The f orbital of the nucleus forms a bonding peak crossing the VB and CB near the fermi level. Our calculations prove that the interaction between the nuclei and CNT is rather strong, and both the Eu and the U outside the wall of (8 0) SWCNT belong to physical adsorption on CNT (8 0). As a result, the SWCNT exhibits semi-metal a character. Meanwhile, the SWCNT becomes a conductor with two U atoms outside, which shows the richness of the electronic properties of SWCNT with a nucleus outside. The result may help us understand the effect of nuclei outside CNTs and could be useful for electronics applications.
